We conducted a population-based case-control study to evaluate the relationship between cases of breast cancer and exposure to tetrachloroethylene (PCE) from public drinking water (n=258 cases and 686 controls). Women were exposed to PCE when it leached from the vinyl lining of water distribution pipes. The relative delivered dose was estimated using an algorithm that accounted for residential history, water flow, and pipe characteristics. Only small increases in breast cancer risk were seen among ever-exposed women either when latency was ignored or when 5 to 15 years of latency was considered. No or small increases were seen among highly exposed women either when latency was ignored or when 5 years of latency was considered.
Introduction
Tetrachloroethylene (PCE) is one of the main chlorinated hydrocarbon solvents used in dry cleaning, textile processing, and metal degreasing (1) . A 1989 National Institute for Occupational Safety and Health (NIOSH) survey estimated that more than 500,000 people in the United States are occupationally exposed to PCE (2) . Because most of its use in occupational settings occurs in small, geographically dispersed, and poorly controlled facilities such as dry cleaning establishments, garages, and machine shops, PCE has become a common drinking water contaminant (1) . Although industrial waste disposal is the main source of drinking water contamination, a different exposure scenario led to the PCE contamination of the drinking water in the Cape Cod region of Massachusetts.
In January 1980, the Massachusetts Department of Environmental Protection (DEP) learned that PCE was leaching into drinking water from the inner vinyl lining of certain asbestos cement water distribution pipes (3) . The vinyl resin liner had been introduced in the late 1960s in response to complaints about the taste and odor of water coming into contact with the asbestos cement pipes. The coating process consisted of brushing a vinyl resin slurry, including the solvent PCE, onto the interior surface of the pipe. The PCE was assumed to disappear in the drying process because of its volatility; however, considerable quantities remained and slowly leached into the water.
Data gathered from the state's water departments indicated that approximately 660 miles of vinyl-lined/asbestos cement (VL/AC) pipes had been installed (3) . A large proportion had been introduced in the five towns of the upper Cape Cod area (Barnstable, Bourne, Falmouth, Mashpee, and Sandwich). Typical levels in affected pipes in the town of Falmouth, which had 50 miles of VL/AC pipes installed, varied from 1600 to 7750 pg/l at low-use locations to 1.5 to 80 pg/l at medium-and high-use locations (4 (5) . When the Massachusetts Cancer Registry (Boston, MA) began monitoring cancer incidence in 1982, statistically significant excesses were also seen in the incidence rate of many cancers, including those of the breast, colon/rectum, lung, and blood-forming organs, among residents of the upper Cape region as compared to state average (6) .
In response to public concern regarding the elevated cancer rates and pollution in the upper Cape Cod area, we undertook a population-based case-control study to evaluate the relationship between nine types of cancer (lung, breast, colorectal, bladder, kidney, pancreas, brain, liver, and leukemia) and air and water pollution including exposure to PCE-contaminated drinking water (7) (8) (9) . Exposure to PCEcontaminated water was initially examined in relation to three of the cancer sitesbladder, kidney, and leukemia-because previous studies of occupationally exposed individuals found associations with these cancers (2, (10) (11) (12) (13) (14) (15) .
Our prior study found an elevated relative risk of leukemia among ever-exposed subjects (odds ratio [ (20) that used information about the water pipe supplying each subject's upper Cape Cod residence. Relative exposure, termed the relative delivered dose (RDD), was defined as the estimated mass of PCE (in milligrams) that entered a house as a drinking water solute during a specified time period. The word relative is used to stress that the number is an ordinal estimate rather than an accurate determination.
The algorithm for estimating the RDD is based on a model for PCE leaching from vinyl-lined pipe proposed and tested by Demond (4) . Briefly, the initial amount of PCE in a pipe is directly proportional to its inside surface area. The rate at which the initial stock leaches depends on the physical characteristics of the pipe and the water flow, including its temperature, density, viscosity, and flow rate. The Webler-Brown algorithm (20) estimates a pipe's initial stock of PCE from its length and diameter, and the leaching rate from the water flow and age of the pipe.
The flow rate is affected by the geometry of the water distribution system and the load on the system. The Webler-Brown algorithm (20) streamlined the effects of geometry by considering four generic cases: dead ends, circles, circles with taps, and inline. Any specific case was considered to be either one or a combination of these geometries. The pipe load depends on the number of connected houses, the date of connection, and the water consumption of each house. Tax assessment and water distribution system maps were used to ascertain the spacing of house connections. Water flow was assumed to be unidirectional and all houses were assumed to draw the same amount of water during a subject's residency.
To implement Webler and Brown's model (20) , the locations of the VL/AC pipes in all public water supply systems in the area were determined. Five of the 11 water suppliers reported that there were no VL/AC pipes in their districts. The remaining 6 suppliers provided water distribution maps showing the location of the VL/AC pipes and their installation dates.
Next, all subject residences on VL/AC streets were identified and located on the distribution network. For every residence on a VL/AC street, a schematic was made depicting water flow to the residence. Each schematic also displayed the location and number of loads, pipe length(s), and installation date(s). Once the schematic was developed, the variables were entered into a database management system that was programmed to check for inconsistencies and then calculate the RDD. All entered data were double checked for accuracy.
Developing the schematic often involved judgment of water distribution characteristics not provided by the water suppliers. Water flow direction was determined by inspecting various features of the distribution network including water source locations and pipe sizes, whereas determining the load distribution required judging the point where residences connected to water mains. A protocol was designed so that all decisions were made in a consistent manner. In addition, all exposure assessments were conducted without knowing who was a case or who was a control.
Data Analysis
The analysis first compared ever-exposed versus never-exposed women, then neverexposed women were compared to women with low and high cumulative RDDs. Low RDD was defined as a exposure level up to and including the median (50th percentile) cumulative RDD among the exposed women. The exposure distribution above the median was further categorized into three overlapping categories-above the 50th, 75th, and 90th percentile-to signify successively higher levels of exposure. The reference group always consisted of neverexposed subjects.
Because it was possible that PCE might act either as a tumor initiator, a tumor promoter, or both, analyses were conducted considering and ignoring a latent period. Several latent periods were considered (5, 7, 9, 11, 13, and 15 years) because it was unknown when measurable effects might occur. More than 15 years of latency was not considered because the number of exposed subjects was too small for meaningful analysis.
Women were considered exposed if they had at least one exposed residence during the relevant period. If a woman had more than one exposed residence, RDDs were cumulated over all of them. The cumulative exposure during the relevant period was calculated for each latency assumption. For example, cumulative exposure that occurred more than 5 years before the diagnosis or index year was counted when the 5-year latency interval was applied.
The exposure OR was used to estimate the strength of the relationship (relative risk) between PCE exposure and the occurrence of breast cancer. The potential modifying effects of menopausal status, drinking bottled water, and bathing habits were examined in stratified analyses. Ninety-five percent CIs were calculated to assess the statistical stability of the crude associations.
Multiple logistic regression was used to control simultaneously for potential confounding variables (21) . The antilog of the beta coefficient of the exposure variable served as an estimate of the OR. A group of core confounders was included in all multivariate models, consisting of age at diagnosis or index year, vital status at the interview, family history of breast cancer, age at first live birth or stillbirth, personal history of prior breast cancer and benign breast disease, and occupational exposure to PCE, benzene, and other solvents. Other potential confounders were added to the multivariate models along with the core confounders. None changed the adjusted ORs by more than 10% so they were not included in the final model. Ninety-five percent CIs for the adjusted ORs were calculated using the maximum likelihood estimates of the standard errors (22) .
Results
Overall, the women in the study were predominantly Caucasian, elderly, and educated beyond high school ( Table 2 ). The distribution of several variables associated with breast cancer risk was as expected, with more cases than controls reporting a family history of breast cancer, nulliparity, and late age at first birth. However, fewer cases than controls reported a history of breast cancer and benign breast disease. A small and similar proportion of cases and controls was classified as having occupational solvent exposure and reported drinking bottled water on a regular basis before the diagnosis or index year. Finally, more cases than controls reported taking showers whereas fewer cases than controls reported taking baths.
A total of 14.0% of cases (n= 36) and 1 1.8% of controls (n = 81) were classified as ever exposed to PCE-contaminated drinking water when latency was ignored and from 0% to 9.7% of cases (n= 0-25) and 0.6% to 8.2% of controls (n= 4-56) were classified as ever exposed when 5 to 15 years of latency were considered (Table  3) . When Only small increases in the crude OR for breast cancer were observed among ever-exposed subjects both when latency was ignored and when it was taken into account (ORs 0.0-1.6; Table 3 ). When the level of exposure was dichotomized at the median, no or only small increases in the crude OR were seen among women whose exposure levels were either below or above the median (ORs 0.9-1.8; Table 5 ). The results were mixed when the most highly exposed women were examined. No or only small increases in risk were seen among women whose exposures were above the 75th and 90th percentiles either when latency was ignored or when 5 years of latency were taken into account. However, the ORs were increased when 7 and 9 years of latency, respectively, were taken into account (OR 2.0, 95% CI 0.7-5.9 and OR 2.7, 95% CI 0.8-9.9 for the 75th percentile, and OR 2.7, 95% CI 0.5-14.8 and OR 8.2, 95% CI 1.0-165.7 for the 90th percentile). No increases were seen among the most highly exposed women when 1 1 and 13 years of latency were taken into account, but the number of exposed subjects was extremely small.
Most relative risk estimates changed only slightly when confounding variables were controlled using multiple logistic regression models (Table 6 ). When 7 and 9 years of latency were taken into account, the adjusted relative risks were 1.5 (95% CI 0.5-4.7) and 2.3 (95% CI 0.6-8.8), respectively, among women whose exposure level was above the 75th percentile, and 2.7 (95% CI 0.4-15.8) and 7.6 (95% Cl 0.9-161.3), respectively, among women whose exposure level was above the 90th percentile.
Too few women reported that they drank bottled water on a regular basis before their diagnosis or index year to describe the relationship between PCE exposure and breast cancer occurrence among these women. Nonetheless, the relative risks were similar when the analysis was restricted to subjects who never drank bottled water regularly. In addition, no important differences in risk were observed in relation to a woman's usual bathing habits but the number of subjects in each bathing category was quite small.
There were also too few premenopausal women to examine these subjects separately. With the following exceptions, the ORs were similar when the analysis was restricted to postmenopausal subjects (Table 7) . Compared to never-exposed women, increases in the adjusted ORs were seen among postmenopausal women regardless of the exposure level when 13 years of latency was taken into account, and among postmenopausal women whose exposure level was above the 90th percentile when Environmental Health Perspectives * Vol 106, Supplement 4 * August 1998 
Discussion
The results of this study suggest that women with high relative delivered doses of PCE-contaminated drinking water have an increased risk of breast cancer, particularly when the cancer occurs during the postmenopausal years. These results should be interpreted cautiously because the increased risk was observed only when 7 and 9 years of latency were taken into account and the proportion of exposed subjects was small. In fact, insufficient numbers hampered our ability to extend the latency analysis beyond 9 years.
Because the exposures occurred many years ago, it is not possible to determine with certainty the exact PCE levels to which the women were exposed. Our carcinomas associated with both oral and respiratory exposures in mice and mononuclear cell leukemia and renal cancer associated with respiratory exposure in rats. To the best of our knowledge, none of the animal experiments found an increased incidence of mammary tumors (23) . In addition, PCE was found to be nonestrogenic in at least one bioassay for determining the estrogenic activity of environmental pollutants (24) .
Much of the epidemiologic evidence comes from mortality studies of dry-cleaning workers, where PCE has been the main solvent since the 1960s. The epidemiologic studies suggest associations of dry cleaning and laundry work with leukemia, uterine, cervical, lung, colon, pancreatic, liver, esophageal, and bladder cancer (2, (10) (11) (12) (13) (14) (15) . The breast cancer results are summarized below.
A proportional mortality study of 671 female dry cleaning and laundry workers in Wisconsin found a decreased proportion of breast cancer deaths (proportional mortality rate 72; 27 observed vs 37.4 expected) (10) . Another proportional mortality study of laundry and dry cleaning workers in Oklahoma also found a deficit of breast cancers (standardized mortality OR 0.1, 1 observed death vs 10.5 expected); however, the number ofwomen in the cohort of 440 was not given (11) .
A U.S. National Cancer Institute mortality study of dry cleaners' union members (n = 4046 women) also found no increased risk of mortality due to breast cancer (standardized mortality ratio [SMR] 100, 36 observed vs 36.3 expected) (13) . However, a NIOSH mortality study of 1109 women employed in dry cleaning shops where PCE was the primary solvent found a slight increase (8%) in the breast cancer death rate (95% CI 0.65-1.69) that stemmed mainly from exposures occurring 20 years or more before (SMRs 1.21 and 1.45 for durations of employment < 5 and . 5 years with .20 years of latency) (2) . Although no increased risk of breast cancer mortality was seen among the subcohort exposed only to PCE (SMR 1.00, 95% CI 0.36-2.17), the number of women in this group was small (n =414) and no latency analyses were conducted in this subgroup.
Although these breast cancer results are mainly null, the studies suffer from the usual limitations of mortality studies, including exposure misclassification, lack of control of key confounders (with one exception), small numbers of women, inaccurate death certificate data, and the inability to examine diseases that are not often fatal.
Because firm conclusions on the relationship between PCE-contaminated drinking water and breast cancer in our study were limited by the small proportion of exposed subjects, particularly when longer latent periods were considered, we undertook a larger study of this relationship in 1995 with funding from the Superfund Basic Research Program. Our new population-based case-control study includes approximately 850 incident breast cancers diagnosed from 1987 to 1993 among permanent residents of eight Cape Cod towns (Barnstable, Bourne, Falmouth, Mashpee, Sandwich, Brewster, Chatham, and Provincetown) and approximately 850 controls from the resident population. The subject selection and exposure assessment methods are similar to those in this paper. However, more detailed information on water consumption and bathing patterns is being obtained at the interviews. The 5-year study is scheduled for completion in the year 2000. Like the "vast natural experiment" of Snow's cholera investigation in 1854 London (25) , the unusual exposure scenario in the Cape Cod region gives us a unique opportunity to learn more about the health effects of PCE exposure in a community setting. The new study should also make a meaningful contribution to the body of scientific evidence on the relationship between breast cancer and exposures in the environment where people actually live.
